Purpose: Seizure induced neuronal hyperexcitability and increased unmet metabolic neuronal demand results in failure of the sodium/potassium ATP pump. Sodium and water accumulates intracellularly with cellular swelling and reduced extracellular volume demonstrating hyperintensity on DWI and reduced ADC. The aim of this study was to describe 4 clinical cases where we identified abnormalities in diffusion restriction in the acute peri-ictal period and followed them longitudinally. Methods: Patients were recruited from the emergency department, clinical consultation service and epilepsy monitoring unit of two tertiary referral centres. Patients underwent either 1.5T or 3.0T MRI with DWI, ADC, T2-weighted and post contrast studies during their acute admission and again after a period of follow up. Results: Four patients were identified as having visible diffusion restriction and reduced ADC in one or both hippocampi and the splenium of the corpus callosum. These lesions either completely resolved, showed interval improvement or demonstrated atrophy on follow up imaging. The two patients with persisting abnormalities had presented with status epilepticus. Conclusions: These acute ictal imaging changes give clinicians an important in-vivo look at the dynamic neuronal metabolic environment in the peri-ictal period. Areas that appear most susceptible include the mesial temporal structures and corpus callosum. Close imaging follow up to document resolution or evolution of long lasting sequelae is vital. There is no clear consensus as to why some patients develop ictal related imaging changes and others do not. Seizure length and time interval from ictus to scan appear to play a role but larger prospective studies are needed to confirm this.
Introduction
Kramer et al first described transient MRI abnormalities in a patient with focal status epilepticus in 1987 [1] . Since then, increased use and availability of MRI has revealed a wide spectrum of neuroimaging abnormalities in the acuteictal period. The appearance of these abnormalities can sometimes pose diagnostic dilemmas for clinicians who may encounter them in a variety of clinical scenarios and are unsure about their significance. Abnormalities may be focal and concordant with the site of seizure focus or remote from the ictal onset zone [2] .
Abnormalities following either status epilepticus, single or clusters of seizures have been described [3] [4] [5] [6] .
Diffusion-weighted MRI detects changes in the distribution of water molecules which may become restricted in certain pathological states such as stroke. Transient focal hyper-intensity on diffusion-weighted MR images (DWI) with concordant reduction in apparent diffusion coefficient (ADC) related to seizures is thought to represent cellular swelling in the area of seizure onset as a result of cytotoxic oedema from seizure induced excessive neuronal metabolic demand which cannot be met by blood supply. Here we describe four cases highlighting this important topic for clinicians.
Methods
Patients were identified over a 12 month period between January 2016 and January 2017 from a variety of sources: neurology consultation service, emergency department and via an epilepsy monitoring unit. Patients were included if after comprehensive review of their clinical and neuroimaging data their scan abnormalities were felt to be due to ictal related change. Once other aetiologies had been out ruled patients were eligible for inclusion. All had 1.5T or 3.0T MRI studies with DWI, ADC, T1-weighted and T2-weighted sequences. We recorded clinical, EEG and follow-up data.
Results
Four cases were included, two referred via the neurology consult service one via the emergency department after presenting in status epilepticus and the fourth from an epilepsy monitoring unit.
Cases

Case 1
A 54 year old previously well man with no history of epilepsy developed an episode of focal status epilepticus with impaired awareness characterised by head and eye deviation, hypermotor upper limb automatisms, automatic speech lasting 40 min followed by secondary generalisation. The convulsive seizure responded well to rescue medication and first line intravenous anticonvulsant therapy however, the patient's GCS remained low. He was admitted to the intensive care unit for protection of his airway, ventilatory support and was given a second intravenous anticonvulsant to treat any potential ongoing subclinical seizure activity. His routine blood work, cerebrospinal fluid analysis, CXR, urine toxicology, paraneoplastic screen and initial CT brain were all normal. An EEG 12 h after admission revealed diffuse slowing in the theta and delta ranges in both cerebral hemispheres. On two occasions there was a build-up of 2-3 Hz sharp wave activity over the right fronto-temporal region lasting 30 s. He was extubated after 24 h. MRI studies obtained at 48 h, 6 and 12 weeks are displayed in Fig. 1 a-d . Despite extensive work-up the aetiology of his seizures remains unknown.
Case 2
A 47 year old man with alcoholic liver disease with cirrhosis was admitted to hospital following a generalised tonic-clonic convulsion. He continued to experience seizures despite intravenous lorazepam and an intravenous loading dose of phenytoin. He was intubated and transferred to the ICU for further treatment. His seizures were brought under control with a midazolam infusion. Initial work up revealed a neutrophilia, elevated serum lactate, hyponatraemia and right sided consolidation on chest x ray consistent with pneumonia. Lumbar puncture, toxicology and urine analysis was normal. An EEG obtained within 24 h of admission revealed diffuse 4-6 Hz theta range slowing but no evidence of electrographic seizure activity. His MRI brain obtained after consultation with neurology is shown in Fig. 1(e-f) and follow up 3 weeks later Fig. 1(g) . The aetiology of this patient's status epilepticus was an alcohol related aspiration pneumonia complicated by hyponatraemia.
Case 3
A 78 year old lady with known chronic obstructive pulmonary disease, atrial fibrillation and temporal arteritis was noticed to have altered behaviour at home which was characterised by prayer-like posturing of her upper limbs, staring straight ahead and unresponsiveness followed by a secondary generalised seizure lasting four minutes. Initial blood work up, CXR, urine analysis and CT brain scan were normal. She had an EEG and MRI scan preformed three days after seizure presentation on recommendation from neurology and follow up scan a week later Fig. 2 a-c. Her EEG revealed theta range slowing in both cerebral hemispheres and occasional sharp waves over the right temporal region consistent with the area of diffusion restriction on her MRI scan. Despite extensive work-up which included CSF, infection, paraneoplastic and autoimmune screens no definitive aetiology was determined. However, on discussion with her family her cognition had been steadily declining over the 12 months preceding admission, her short term memory was particularly affected consistent with an underlying neurodegenerative cause potentially Alzheimer's disease.
Case 4
A 24 year old man undergoing epilepsy surgery evaluation for a long standing right frontal cortical lesion was admitted to the 24 h video EEG monitoring unit. Prior to admission he was taking multiple anti-epileptic medications. During his admission he experienced four sub-clinical seizure events which were characterised on EEG by rhythmic bihemispheric sharp wave activity. Though it was difficult to lateralize the ictal EEG pattern interictal spikes were seen exclusively over the right frontal region during sleep particularly over F4, F8 and FP2. The patient reported no symptoms during the electrographic seizures. He had undergone cautious medication reduction. Prior to discharge after completion of video EEG monitoring and having been placed back on his original admission medications he underwent MRI brain to check the status of the right frontal cystic lesion. The MRI is displayed in Fig. 2 (d-h) . The acute lesion in the splenium of the corpus callosum Fig. 2 (d,e) with resolution 6 months later Fig. 2 f. The right frontal lesion, the suspected ictal focus for which the patient was undergoing monitoring is hypointense on both T2 and T1 weighted imaging and does not enhance post contrast Fig. 2 (g,h) . After discussion with neuroradiology and following the lesion with serial imaging it was thought the most likely differential for this lesion was ganglioglioma or dysembryoplastic neuroepithelial tumour (DNET).
Neuroimaging
Three out of four patients had diffusion restriction in the mesial temporal lobe with reductions in corresponding ADC values. The T2-weighted sequences revealed slight mass effect as a result of oedema. Both hippocampi were involved in one patient and unilateral involvement was noted in two patients. The fourth patient had a spherical lesion located in the splenium of the corpus callosum which was hyper-intense on FLAIR and DWI suggestive off restriction due to oedema. Two of the patients had post contrast studies which demonstrated no enhancement.
All patients had clinical and imaging follow-up. Patient 1 developed focal atrophy in the previous site of diffusion restriction consistent with hippocampal sclerosis Fig. 1(a-d) . In patient 2 there was reversal of the DWI abnormality but the FLAIR abnormality persisted Fig (e-g) . In patient 3 who had short interval follow up the diffusion restriction had improved but not reversed Fig. 2 (a-c) . In the fourth patient the longstanding right cortical lesion was unchanged from prior studies but the lesion in the splenium of the corpus callosum had completely resolved at follow-up at 6 months Fig. 2 (d-h ).
Discussion
This case series confirms the utility of diffusion weighted imaging in the acute setting for seizure patients allowing clinicians an in vivo view into the regional metabolic brain changes that occur during ictus. Some structures appear particularly susceptible namely the mesial temporal lobe and corpus callosum [7] [8] [9] . The high concentration of glutamate receptors in the CA1,CA3,CA4 layers of the hippocampus makes it especially vulnerable to seizure induced excitotoxic damage [10] . We know from animal studies that seizure related T2-weighted hyperintensities are the result of oedema and potentially evolving gliosis [11, 12] . Ongoing seizure activity results in the failure of the Na/K ATP pump causing sodium and water to accumulate in the cells resulting in cellular swelling, reduced extracellular volume and diffusion restriction on DWI imaging. Such changes were seen in three out of four patients in this series and one developed focal atrophy and hippocampal sclerosis as a result.
The corpus callosum has a high myelin water fraction. This means that DWI is especially sensitive to any restriction of water molecules due to toxic, metabolic or excitotoxic states for example seizures. A number of mechanisms for the appearance of callosal lesions in epilepsy patients have been proposed, including failure of energy dependant propagation of seizures along the intramyelinitic pathway resulting in oedema or rapid changes in antiepileptic drug level concentrations (especially carbamazepine) with subsequent elevations in arginine vasopressin [8, 9] . Either of these mechanisms are potential causes in our last patient as he had undergone cautious drug reduction and his video EEG telemetry revealed bihemispheric rhythmic sharp waves with no clear lateralisation. To date in the literature no unifying etiological factor has been identified in causing these corpus callosum lesions.
These ictal related MRI changes though uncommon are not rare in clinical practice. The literature on the topic is extremely variable and no clear consensus exists as to why some patients develop them and others do not [13] . Some studies quote the incidence as low as 0.007% [14] and others as high as 20.6% [15] however, any meaningful direct comparison between studies is problematic due to differing patient cohorts, recruitment methods and study protocols. Factors including seizure length and time from ictus to image acquisition are likely also to play a role however larger prospective studies are needed in the future to explore this further.
We acknowledge that the longitudinal follow-up in our series is very heterogenous due largely to the fact that some of the cases were identified retrospectively. This mirrored the available literature as identified in our recent review in which we looked at 575 previously published cases and found that even within the same studies there was significant heterogeneity in time from ictus to scan, scan protocol and time to follow up [13] . Given that in one particular case (case 3) in our series, the follow up period was only one week it is possible that some more chronic radiological sequalae may not have been identified in this particular patient. However for clinical reasons this patient was moved to a nursing home in another county so it was not possible to obtain further imaging at a longer interval.
We believe that it is important that clinicians be aware of these often reversible seizure-related changes on MRI. An important clinical take home point from our work is the need for close imaging follow up to document the resolution of acute changes and monitor for the development of long lasting sequelae such as atrophy or gliosis.
